Abstract: C+L-band (1530 nm -1605 nm) discrete fiber Raman amplifiers (dFRAs) with incoherent pumping are investigated considering gain, noise figure, and pumping efficiency with comparison to coherent pumping. It is shown that dFRAs with two incoherent pumping sources can have a gain flatness of less than 0.7 dB over 75 nm bandwidth. Noise performance of dFRAs with incoherent pumping is similar to coherent pumping. The comparison of C+L-band dFRAs with incoherent co-pumping to incoherent counter-pumping shows that dFRAs with incoherent co-pumping perform better due to not only lower but also flatter noise figure, besides increased pumping efficiency.
pumping source, the pumping power of incoherent pumping source spreads over a wide wavelength ranged from several nanometers to tens of nanometers [10] , and the phase and polarization of incoherent pumping source are completely random. Therefore, in this report the performance of dFRAs with incoherent pumping is investigated and compared to coherent pumping. The results show that the incoherent pumping has several advantages. Firstly, to obtain the same gain flatness, the number of pumps required by using incoherent pumping is significantly reduced compared to coherent pumping. Secondly, incoherent pumping inherently eliminates the polarization multiplier due to the random polarization of incoherent pumping sources. As a result, the dFRAs with incoherent pumping become less complicated and may be cost effective. Thirdly, the FWM generated by the interaction of pump-pump, pump-ASE noise, and pump-signal can be significantly reduced due to the random phase of incoherent pumping sources and the SBS impairment can be completely overcome by using incoherent pumping because of its broad bandwidth.
In this paper, we theoretically analyze effectiveness of dFRAs with incoherent pumping and compare the performance of dFRAs with incoherent pumping to coherent pumping.
Theoretical model
This theoretical model is based on the Raman propagation equation in [11] and simulates all of the physical properties that may affect the validity of the model such as Rayleigh backscattering, multiple path interference (MPI), and Stokes and anti-stokes spontaneous emission. A method of scaling Raman gain coefficients for different pump wavelengths is used [12] . The Raman gain is
, where ) (L P s is the output signal power and ) 0 ( s P is the input signal power [3] . Noise figure (NF) is defined as NF = ) ) (
are the forward ASE noise and MPI power within the optical bandwidth ν ∆ , mainly consisting of double Rayleigh scattering, and hv is the photon energy at optical frequency of v . The incoherent pumping source is considered to have a Gaussian intensity-spectrum with parameters of full-width at half maximum (FWHM) and central wavelength [3] [13] .
In our analysis, we always optimize the pumping wavelengths and powers of pumping sources for C+L-band dFRAs to realize the gain as flat as possible. All comparisons are based on the same parameters: a fiber length of 8 km with the fiber type of OFS-DCF, 184 signal channels with channel spacing of 50 GHz over the spectrum of from 1530 to 1605 nm, -20 dBm per channel for input power and the average gain of ~15 dB. four, or six coherent counter-pumping sources or two incoherent counter-pumping sources
Numerical analysis
We first consider a C+L-band dFRA with two incoherent counter-pumping sources. By optimization of two incoherent counter-pumping wavelengths to obtain the flattest gain, it is found that the incoherent pumping sources should have a center wavelength at 1423 nm and power of 623 mW and the other wavelength at 1494 nm and power of 47 mW, both with a FWHM of 30 nm. For comparison, we also optimized the dFRA with two, or four, or six coherent counter-pumping sources. For two coherent sources pumped dFRA, the optimized wavelengths/powers are 1447 nm/391 mW and 1488 nm/ 165 mW; for the case of four coherent pumping sources, they are 1432 nm/ 284 mW, 1447 nm/ 137 mW, 1466 nm/ 105 mW, and 1496 nm/ 81 mW, and for the case of six coherent pumping sources, they are 1428 nm/ 225 mW, 1436 nm/ 150mW, 1451 nm/ 110 mW, 1467 nm/ 75 mW, 1487 nm/ 53 mW, and 1508 nm/ 27 mW. Figure 1 shows the gain, NF, and forward noise power for the dFRA with coherent or incoherent counter-pumping. The gain ripple is 4.1, 1.0, 0.7 and 0.6 dB, the average NF is 5.2, 5.3, 5.5 and 5.4 dB, and the NF ripple is 1.5, 1.8, 2.3, and 2.1 dB for the dFRA with two, or four, or six coherent pumping sources or two incoherent pumping sources, respectively. In the case of coherent pumping, the gain ripple decreased with the increase of pumping numbers. The gain ripple for the dFRA with two incoherent pumping sources is reduced compared to two, or four, or six coherent pumping sources, which suggests that incoherent pumping provides a much flatter gain. Apparently, the average NF for the dFRA with incoherent pumping sources is similar to coherent pumping sources due to the same average gain. The NF flatness by using incoherent pumping is also similar to coherent pumping. As seen in Fig. 1(b) , the noise performance by using incoherent pumping is slightly degraded at the shorter wavelengths (1530-1560 nm). To understand that behavior, calculated forward noise spectra for the above four cases are illustrated in Fig. 1(c) . The higher forward noise power at shorter wavelengths contributes to the NF increase. Pumping efficiency is decreased for dFRAs with incoherent pumping due to the fact that a larger portion of pumping power contributes to the Raman amplification for the spectrum of outside the C+L-band (i.e. ASE noise). It is well known that signal induced MPI may seriously degrades the noise performance of dFRAs when the gain is more than ~15 dB. Because of MPI, the noise degradation increases with gain. In order to understand how MPI affects the noise performance of C+L-band dFRAs with counter-pumping sources, we repeat the above simulations without MPI. Figure 2 shows the NF for the dFRA with MPI or without MPI. It is seen that the noise performance of the dFRA with MPI is much worse compared to without MPI, resulting in ~1 dB NF increase at ~15 dB gain.
We extend our study using three incoherent counter-pumping sources. In order to better understand the influence of FWHM of incoherent pumping sources on dFRAs, we explore the relationship of Raman gain and NF with FWHM of incoherent pumping sources. Figure 3 shows the gain and NF of a dFRA with three incoherent pumping sources. With the increase of FWHM from 0 to 10 nm, the gain spectrum has three peaks, the gain flatness is improved, and the NF is degraded. If further increasing FWHM of from 10 to 20 nm, the gain spectrum has two peaks, the gain flatness keeps almost unchanged, and the NF is further degraded. (b) Figure 3 . (a) Gain and (b) NF for a C+L-band dFRA using three incoherent counter-pumping sources with different FWHMs. Now, we consider C+L-band dFRAs with co-pumping sources. By optimization, we get the distribution of two incoherent co-pumping sources, which have a center wavelength at 1423 nm and power of 576 mW and the other wavelength at 1494 and power of 49 mW, both with a FWHM of 30 nm. For comparison, we also optimized the dFRA with two, or four, or six coherent co-pumping sources. For two coherent sources pumped dFRA, the optimized wavelengths/powers are 1447 nm/355 mW and 1488 nm/ 155 mW; for the case of four coherent pumping sources, they are 1432 nm/ 248 mW, 1447 nm/ 130 mW, 1466 nm/ 95 mW, and 1496 nm/ 81 mW; and for the case of six coherent pumping sources, they are 1428 nm/ 183 mW, 1436 nm/ 140mW, 1451 nm/ 100 mW, 1467 nm/ 72 mW, 1487 nm/ 54 mW, and 1508 nm/ 31 mW. Figure 4 shows the gain and NF for the dFRA with coherent or incoherent pumping. The gain ripple is 3.1, 1.0, 0.7 and 0.6 dB, the average NF is 4.8, 4.8, 4.8 and 4.9 dB, and the NF ripple is 1.2, 0.7, 0.7, and 0.5 dB for the dFRA with two, or four, or six coherent pumping sources or two incoherent pumping sources, respectively. In the case of coherent pumping, the gain ripple decreased with the increase of pumping numbers. The gain flatness and NF flatness for the dFRA with two incoherent pumping sources are improved compared to coherent pumping sources. The average NF by using incoherent pumping is similar to coherent pumping due to the same average gain. Figure 5 illustrates the effect of MPI on the noise performance of the C+L-band dFRA with co-pumping sources. Finally, we compare the performance of a C+L-band dFRA with incoherent co-pumping to incoherent counter-pumping. The gain flatness by using incoherent co-pumping is similar to incoherent counter-pumping. The NF flatness is improved 1.6 dB and the average NF is decreased 0.5 dB for the dFRA with incoherent co-pumping compared to incoherent counter-pumping. Figure 6 shows the NF of the C+L-band dFRA with two incoherent co-/counter-pumping sources. The NF is degraded for dFRAs with incoherent counter-pumping since almost all the single-pass reflected noise has the larger gain at the amplifier output end compared to incoherent co-pumping. Single-pass reflected noise has almost no impact on forward pumped amplifiers because most of the reflected noise does not have the high gain close to the fiber output end [14] . To achieve the same average gain, the pumping power of incoherent co-pumping is 43 mW less compared to incoherent counter-pumping.
4.
Conclusion A theoretical analysis of C+L-band dFRAs with incoherent pumping is presented in this paper. We confirmed that, to achieve the same gain flatness, the number of pumps for dFRAs with incoherent pumping can be significantly reduced compared to coherent pumping. The simulation results show that signal induced MPI seriously degrades the noise performance of dFRAs, The comparison of C+L-band dFRAs with incoherent co-pumping to incoherent counter-pumping indicates that dFRAs with incoherent co-pumping perform better because of flatter gain and NF. We believe that high-power incoherent pumping will expand the seamless gain bandwidth and could be employed in ultra-large-capacity DWDM systems employing the S-, C-, and L-bands.
